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Abstract
We predict a new class of three-dimensional topological insulators (TIs) in which the spin-
orbit coupling (SOC) can more effectively generate band gap. Band gap of conventional TI is
mainly limited by two factors, the strength of SOC and, from electronic structure perspective,
the band gap when SOC is absent. While the former is an atomic property, the latter can be
minimized in a generic rock-salt lattice model in which a stable crossing of bands at the Fermi
level along with band character inversion occurs in the absence of SOC. Thus, large-gap TI’s
or TI’s comprised of lighter elements can be expected. In fact, we find by performing first-
principle calculations that the model applies to a class of double perovskites A2BiXO6 (A =
Ca, Sr, Ba; X = Br, I) and the band gap is predicted up to 0.55 eV. Besides, surface Dirac cones
are robust against the presence of dangling bond at boundary.
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The discovery of topological phases of matter such as quantum Hall effect,1,2 quantum spin
Hall effect,3–8 topolocial crystalline insulators,9 Dirac semimetals10,11 and Weyl semimetals12,13
along with the classifications14–16 is a remarkable success of condensed matter physics and ma-
terial science. The exotic phenomena rooted in the Dirac electrons on the surface of topological
insulators (TIs)17–22 have spurred a bulk of interdisciplinary effort in searching new science and
functional materials for practical appliactions.23–25
TIs with large band gaps are particularly desired in achieving room-temperature applications.
Tetradymite materials such as Bi2Se3 26 and other combinations27 of heavy elements from the V
and VI families (see Table I in Ref.22) are the prototypical 3D TIs which have demonstrated char-
acteristic behaviors of the surface Dirac fermions19,20 but at fairly low temperature due to small
bulk band gap. Unlike semiconductors, the band gap of TI results from intrinsic spin-orbit coupling
(SOC). For 2D materials, the band gap can be increased in a variety of ways, from incorporating
heavy adatoms,28 halogenation,29 fluorination,30 to choosing appropriate substrates31,32 because
of the open structure. As for 3D materials, on the other hand, there is little room for tuning the
electronic structure and band gap; selecting heavier constituents and/or changing lattice structures
seem to be the only feasible route.
Figure 1(a) shows the typical evolution of electronic structure during a hypothetical process of
turning on the SOC to its full strength. The topological phase transition goes through the three
stages: shrinking of band gap (I), gap closing (II), and reemergence of a gap in the topological
phase (III and IV).5,33 Therefore, from band structure perspective, the gap in the absence of SOC
(stage I) seems to undermine the effectiveness of SOC in generating a large band gap in the topo-
logical phase. Here, we propose that the transition in Figure 1(b) may suggest a different way to
make SOC more effective. Namely, materials possessing band touching at the Fermi level34–36 in
the absence of SOC may become large-gap TIs once the SOC sets in.
In this work, a tight-binding (TB) model of rock-salt lattice with the unit cell containing a pair
of s and p orbitals from two atoms is proposed to implement the novel topological phase transition
depicted in Figure 1(b). With such TB model, one may start with a band insulator in which the
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Figure 1: (color online) Topological phase transitions that lead to (a) conventional TIs and (b) our
proposed TIs due to an effective SOC. Inset in (b) shows the rock salk structure and its orbitals
of our proposed tight-binding model in Eq. ??. (c)-(f) display the bulk spectra by varying the
parameters in text. (c) Topological trivial state with the s-character Bloch state just below Fermi
level at Γ point. (d) Band inversion with the s-character state above the p-character one. (e) Band
touching occurs when EΓs > E
Γ
p > E
L
b− is satisfied. (f) Finally the SOC is turned on and a gap is
opened. The Bloch state just below the Fermi level now has the p-character and the topologically
nontrivial state is arrived.
valence band is of s character and the conduction band is degenerate and of p character. By tuning a
set of TB parameters, we are able to achieve the band structure in which the valence and conduction
bands, now both having p character, touch at the Fermi energy, which is protected by the cubic
symmetry, and the band of s character lies above them. Consequently, even with a weak SOC, the
band touching at the Fermi energy is lifted at once and the highest Bloch state of valence band is of
p character. This flip of band character indicates the change of topological nature of the material.
More importantly, the band touching at the Fermi level and the accompanying band inversion
are shown to be universal among the materials reported in this paper. Based on the first-principle
calculation and Z2 index evaluation, the double perovskites A2BiXO6 (A = Ca, Sr, Ba; X = I, Br)
are TI’s and the largest band gap is 0.55 eV, much larger than known pristine 3D TIs. Further con-
firmation by employing the Wannier function-based tight-binding calculation allows us to see the
Dirac spectrum of the surface states. Since perovskites are stable materials with variable proper-
ties by doping, the reported materials could add to the already diverse functionality of perovskites
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which has been intensively studied.37–44
Band touching in the known materials, graphene for instance, often implies some discrete
symmetry from the lattice.15 Here, we introduce a generic tight-binding model for rock-salt lattice
from which a band touching at Γ point emerges if the band energies at L and Γ around the Fermi
level are ordered according to Eq. ??. Here, we consider the Bi and I atoms with each contributing
one s-orbital and three p-orbitals. Dictated by the cubic symmetry, the tight-binding Hamiltonian
in momentum space reads
HTB =

Hs Tx Ty Tz
T †x Hpx 0 0
T †y 0 Hpy 0
T †z 0 0 Hpz

(1)
in the representation of the eight atomic orbitals, [Is,Bis, Ipx ,Bipx , Ipy,Bipy , Ipz,Bipz]
T . The spin is
suppressed for the moment, and each element in the matrix is in fact a two-by-two matrix. The
diagonal ones read
Hs =
 εs,I 2tss∑i cos kiai2
2tss∑i cos
kiai
2 εs,Bi
 , (2)
and
Hpx =
 εp,I 2∑i tσ/pipp cos kiai2
2∑i t
σ/pi
pp cos kiai2 εp,Bi
 , (3)
which are responsible for the coupling between orbitals from different atoms but of the same
symmetry. For shorter notation, the sum in the off-diagonal element of Hpx reads t
σ
pp cos
kxax
2 +
tpipp(cos
kyay
2 + cos
kzaz
2 ). Similar expressions in Hpy and Hpz can be inferred from the cubic sym-
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metry. The s and p-orbitals are coupled by the off-diagonal matrices, Ti = (2i)tsp sin kiai2 σx, with
i = x,y,z, and σx being the first of three Pauli matrices. In the followings, we assume the order
of orbital energies: εs,I < εs,Bi < εp,I < εp,Bi. Besides, the Fermi level is above the second lowest
band and below the third lowest band of the matrix in Eq. ??.
At Γ point all the matrices Tx,y,z vanish identically. Thus, one easily identifies the higher s-like
state,
EΓs =
εs,Bi+ εs,I
2
+
√(
εs,Bi− εs,I
2
)2
+36t2ss , (4)
out of Hs (Eq. ??), which is close to the Fermi level. Similarly, the lower p-like states,
EΓp =
εp,Bi+ εp,I
2
−
√(
εp,Bi− εp,I
2
)2
+
(
2tσpp+4tpipp
)2
, (5)
are obtained from Hpx,y,z and are triply degenerate due to the cubic symmetry. The states away
from these levels are not relevant to the band touching. At the L point, it is less straightforward to
obtain the band energies. Nevertheless, we show in the Supplemental Material that the eigenvalues
contain two doublets at εp,I and εp,Bi, respectively, and four nondegenerate states at ELa± and ELb±
as a result of s-p mixings. It will be clear in a moment that the states,
ELb± =
εs,Bi+ εp,I
2
±
√(
εs,Bi− εp,I
2
)2
+12t2sp , (6)
close to the Fermi level are relevant to the formation of band touching at the Γ point. Here, it
should be noticed that due to the rock-salt lattice geometry all the hopping parameters tss, tsp, and
tpp appear in the off-diagonal part of Eq. ?? so the band energy is invariant under the mapping
t←→−t, the robustness of which is not present in other models.41,43
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At the outset, the band structure may represent a trivial insulator [Figure 1(c)] in which the
higher s band is below the lower p band and the Fermi level lies between them. This situation,
EΓs < E
Γ
p , occurs if the hopping tsp is weak and the on-site energies have εs,Bi εp,I. As we lift
εs,Bi toward εp,I, the s band at Γ can be above the p band [Figure 1(d)] once the condition EΓs > EΓp
is satisfied. To make a hole band emerge in the presence of the triple degeneracy at EΓp , the only
way is to increase |tsp| so that the energy ELb− is pushed down below EΓp . Finally, the crossing of
bands at the Fermi level is established [Figure 1(e)] under the following condition,
EΓs > E
Γ
p > E
L
b− , (7)
and, remarkably, the band character is inverted simultaneously. Now the only missing element is a
energy gap at the Fermi level so we follow by restoring the spin degree of freedom and turning on
the SOC in the form λ~L ·~s, which leads to the gap opening at Γ in Figure 1(f). Aided by the color
code in Figure 1(c)-(f) representing the weight of s character of the corresponding Bloch state, one
can notice a complete topological phase transition from (c) to (f). Focus on the Γ point. Since the
Bloch state just below the Fermi level changes from the s character in (c) to the p character in (f),
we may conclude that the Z2 invariant51 associated with Figure 1(c) and (f) must be different and
hence the two states must represent distinct phases. In the followings, we shall specifically focus
on the double perovskites and show that the above tight-binding model is essential to their band
structure and topological property.
Before entering the detailed calculations of real materials, let us pause and compare the TB
model in Eq. ?? with the well-known BHZ model.5 The latter is a continuum one obtained by
projection and has two important ingredients in it, namely the inversion of conduction versus hole
bands and the coupling that depends linearly on the crystal momentum. These two crucially depend
on the SOC of constituents. In our model, however, it is the tuning of |tsp| which results in the hole
band and the band touching at Γ point simultaneously. The inversion of band in our model has
7
Table 1: The optimized lattice parameters of the primitive cell of A2BiXO6 and their calcu-
lated band gaps Egap.
Compound a=b=c() α = γ = β (◦) Egap (eV)
Ba2BiIO6 6.241 60 0.55
Sr2BiIO6 6.169 60 0.53
Ca2BiIO6 6.123 60 0.52
Ba2BiBrO6 6.102 60 0.33
Sr2BiBrO6 6.009 60 0.32
Ca2BiBrO6 5.951 60 0.34
nothing to do with SOC, either. Moreover, the SOC that couples the electron band with the hole
band does not depend on the crystal momentum. Thus, the present model is qualitatively different
from the BHZ model.
The class of materials A2BiXO6 in double perovskite structure is shown in the Figure 2(a) and
its primitive Brillouin zone in Figure 2(b). The unit cell contains the octahedra BiO6 and XO6
at the corners of rock-salt lattice and the cation A is surrounded by these octahedra. Determined
by the electron negativity of the constituent, the charge state in the ionic limit can be assigned as:
A2+, Bi3+, X5+, and O2−. Using the first-principles package VASP45 with generalized gradient
approximation (GGA) for the correlation functional,46 projector augmented wave method (PAW)
for core electrons,47 10× 10× 10 for k-sampling integration48 and 500eV for energy cutoff, we
find a total of six TIs out of a large number of possible double perovskites (Ca,Sr,Ba)2BB’O6 with
B and B’ from the III to VII families. The optimized lattice parameters and the band gaps with
SOC are listed in Table 1.
Figure 2(c) shows the band structures of the six TIs A2BiXO6. The band structures barely
change as the A-site elements vary. However, the band gap is sensitive to the choice of X. Since
the SOC is weaker in Br than in I, the band gap in the materials with Br is only 60% of those with
I. A key feature of these band structures is the band touching at the Γ-point in the absence of SOC.
Clearly, the triple degeneracy is resolved into a doublet and a singlet in the presence of SOC, which
is consistent with the previous TB model.
To examine the topological feature of these materials, we implement the n-field method of
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A=Ca,Sr,Ba
O
Bi
X=Br, I
(b)
(d)
z
Figure 2: (color online) (a) Crystal structure of double perovskite ABiXO6 (b) Primitive Brillouin
zone of double perovskite structure (c) Band structure of various A2BiXO6 materials (d) n-field
diagrams of the representative material Ba2BiIO6. The n-field diagrams read Z1 = 0, Z0 = 1, X0 = 1
and Y0 = 1. Using the relation X0+X1 =Y0+Y1 = Z0+Z1 and (ν0;ν1 ν2 ν3) = (Z0+Z1;X1 Y1 Z1)
mod 2, we get the Z2 invariant (ν0;ν1 ν2 ν3) = (1;0 0 0).
9
Figure 3: (color online) Evolution of band structure of Ba2BiIO6 as SOC is gradually turned on
[(a) to (c)]. Colored intensity shows the component of s-orbital and p-orbital on Bi and I. In (a), the
band inversion at Γ clearly appears even if SOC is turned off. Arrows indicate the k-point where
narrowest gaps appear. Inset shows the band gap while tuning the SOC. (d) shows the band gaps
when tuning the strength of SOC of Bi and I respectively. (e) displays the calculated spin Berry
curvature around Γ-point and (f) the spin Hall conductance as a function of Fermi energy.
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Table 2: The topological invariant δ associated with the occupied bands at eight TRIM’s Λi
and the parity eigenvalues of the Bloch states just below (ξv) and above (ξc) the Fermi level.
Λi Λ000 Λ100 Λ010 Λ110 Λ001 Λ101 Λ011 Λ111
ξv – – – + – + + –
ξc – + + – + – – +
δ (Λi) – – – + – + + –
evaluating the Z2 invariant proposed by Fukui et. al.49,50 The resultant n-field diagrams of a rep-
resentative material Ba2BiIO6 are shown in Figure 2(d). We found that the six materials share the
same Z2 invariants (ν0; ν1 ν2 ν3) = (1; 0 0 0), indicating that all the six materials are strong TIs.
On the other hand, Fu and Kane proposed another method to obtain the Z2 invariant for crystals
with inversion symmetry by evaluating the parity eigenvalues of the occupied bands.51 Table 2
displays the invariant δ (Λi) associated with the full set of occupied bands of Ba2BiIO6 at the eight
time-reversal invariant momenta (TRIM) Λi as well as the parity eigenvalues ξv (ξc) of the band
just below (above) the Fermi level. We thus obtain the same topological invariant (ν0; ν1 ν2 ν3) =
(1; 0 0 0), consistent with the n-field method.
Next, we continue with studying the band characters near the Fermi level. The respective
weight of s- and p-components of the Bloch states are calculated by DFT and are shown by the
color code in Figure 3 in which the SOC is gradually turned on to its full strength. In the case
of vanishing SOC [Figure 3(a)], the lowest conduction band is composed of p-orbitals only while
the highest valence band has the main component from s-orbitals except near the Γ point. From
the aspect of Z2 invariant, one may regard this state as a TI with zero band gap. According to
Figure 3(b) and (c), as the SOC is gradually turned on, the size of band gap increases accordingly
while the band character remains, eventually leading to a large band gap [Figure 3(d)]. It is impor-
tant to note that the SOC in this class of materials does not serve to exchange the band character,
or the parity eigenvalue, unlike what it does in conventional TI Bi2Se3. To further clearly identify
the non-trivial topology, we also calculate the spin Berry curvature [Figure 3(e)] associated with
the occupied band and the resultant spin Hall conductance [Figure 3(f)] as a function of Fermi en-
ergy. The quantized values of spin Hall conductance within the SOC gap demonstrates the critical
11
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Figure 4: (color online) Surface band structure of Ba2BiIO6 using Wannier functions. (a) slab ge-
ometry in our calculation. For Wannier calculation, thickness d=∞; for first-principles calculation,
d=4nm. (b) displays the bulk band structure from Wannier functions. (c) spectrum of the bottom
surface (Bi-O-I layer termination). (d)spectrum of the top surface (Ba-O layer termination.
features of the topological phase.
Another benchmark of a TI is the presence of linear dispersion within the bulk gap representing
the Dirac electron on the surface. To investigate the surface states, we consider the semi-infinite
slab structure with two types of surface. The one at top is terminated at the Ba-O layer while the
one at bottom is at Bi-I-O layer, which is shown in Figure 4(a). A tight-binding Hamiltonian is
constructed with the maximally localized Wannier functions (MLWFs) using WANNIER90 pack-
age.52 The bulk band structures from MLWF are shown in Figure 4(b), showing excellent agree-
ment comparing to DFT bands. The surface spectral weight of the semi-infinite slab is computed
12
(a) (b) (e) (f) 
(d) (c) 
Bottom Bi-I-O layer Top Ba-O layer 
Bottom Bi-I-O layer 
Top Ba-O layer 
Figure 5: (color online) Surface band structure of Ba2BiIO6 using DFT calculation. (a) and (b) the
full band structure of the slab geometry without and with SOC, respectively. (c) projected spectrum
on the bottom surface (Bi-O-I layer). (d) projected spectrum on the top surface (top second Bi-O-I
layer). Inset shows the helical state feature. (e) and (f) the spatial wave functions of the two states
at the Dirac points circled in (b).
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by the surface Green’A˘Z´s function method.53–55 Surprisingly, as shown in Figure 4(c), a non-
Dirac-like dispersion appears at the bottom Bi-I-O layer at which dangling bonds present. Since
the Bloch states around the Fermi level have significant components falling on Bi and I atoms, the
presence of dangling bond may greatly alter the wavefunctions and the surface states. On the other
hand, as shown in Figure 4(d), a Dirac-like spectrum is clearly presented on the top surface termi-
nated by Ba-O layer since the Bloch states associated with Ba are away from the Fermi energy. It
is worthy mentioning that the Ba-O layer may be regarded as a cap layer that protects the Dirac
state from the severe perturbation due to the dangling bond.
Although Wannier functions method is commonly used to explore the surface states,26 it is
usually considered as an artificial calculation because it uses the tight-binding parameters obtained
from the bulk band structure without taking the interface effects such as surface energy renor-
malization and dangling bonds into account. To address this issue, we also perform the DFT
calculation of a slab geometry in which 5 unit cells of Figure 2(a) are repeated along the z-axis. It
corresponds to the thickness about 4 nm, which has been proven large enough against the interac-
tions between top and bottom surfaces based on our Wannier function projected bands of analysis.
The band structures of the slab geometry without and with SOC are shown in Figure 5(a) and
(b), respectively. In Figure 5(c) for the bottom surface, a distorted in-gap Dirac spectrum state
emerges around the Γ-point. This distorted Dirac surface states actually resemble those appear
on the surface of Bi2Te3 [see Figure 8(b) in Ref.22]. Instead, the Dirac state on the top surface
[Figure 5(d)] is more transparent and consistent with the Wannier-function analysis in previous
paragraph. According to our TB model and DFT calculation, the bulk states around the Fermi
level are mainly contributed by the s- and p-orbitals of Bi and I atoms. When the bottom Bi-O-I
layer is exposed, the dangling bonds certainly alter the states around the Fermi level, which might
result in the distortion of the Dirac state. As for the case with Ba-O layer at the termination, the
associated dangling bonds can only perturb the states away from the Fermi level, leaving the sur-
face Dirac states and the Kramers doublets intact. Hence we expect the class of materials with
surfaces terminated at A-O layers to possess the topological features and superior surface transport
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property. In fact, the Ba-O layer termination is also more structurally stable because the breaking
of BiO6 or IO6 octahedra requires more energy, making the top Ba-O surface more feasible during
the synthesis process. We have also plotted the 3D spatial wave functions of the pair of Dirac
states [circled in Figure 5(b)] in Figure 5(e) and (f) which shows a highly localized behavior on the
top second Bi-O-I layer. The 2D projections of surface wave functions clearly exhibit the s- and
p-characters also in agreement with our previous discussion.
While the presence of robust surface Dirac states crucially distinguishes TI from the ordinary
semiconductor, there could be another aspect that might differentiate the two classes from com-
putational perspective. Namely, the GGA-PBE functionals often underestimates the band gap of
semiconductors.56 An improvement is to adopt hybrid functional such as HSE,57 which employs
a screened exchange interaction while keeping the long-ranged Coulomb interaction. It is worth-
while to stress that SOC, a relativistic effect, is the main factor in determining the band gap of
the predicted TI’s. Since SOC has little to do with Hatree-Fock interaction, we believe that the
adoption of HSE is irrelevant to the band gap of TI.
One distinct feature of our proposed 3D TIs is that it is intrinsic TIs with the Fermi level lying
in the large non-trivial SOC gap. Synthesis of the predicted material, Ba2BiIO6 for instance, is
an interesting yet challenging direction for chemists and material scientists. Currently, the com-
pound BaBiO3 is a known superconducting material58 while the study of solid phase of iodine
oxide59 is rare although the iodine chemistry is of importance to the research of earth ozone.60 Be-
sides, the predicted TI shall show robustness against disorder. For double perovskite A2BB’O6, the
well-known disorder includes the self-doping, the intermixing between B and B’, and the oxygen
deficiency. From our model, the intermixing may be more substantially disadvantageous since the
Bloch states near the Fermi level are contributed by the B and B’ orbitals, but it can be overcome
experimentally in a more controlable synthesis process. To consider another realistic situation,
the robustness of TI states against surface reconstruction is investigated. As shown in Figure S1,
one can see that surface relaxation mainly induces charge redistribution between the bottom and
top surface from the shifting of Fermi level, leaving the main features of Dirac states unchanged.
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Experimentally, one can detect the topological surface states by measuring the quantized conduc-
tance protected by the topological nature, or by mapping out the surface state of solids in the
reciprocal space by the state-of-art Angle-resolved photoemission spectroscopy (ARPES). Since
the energy position of these surface states can be easily tuned by applying electric field, one may
switch between electron and hole transport on the surfaces as well. Moreover, doping to double
perovskite structure can also be implemented by replacing the A2+ cations with A1+ or A3+ ones
of similar size,37 which makes the Bloch states near the Fermi level intact while little disorder is
introduced to the system. Thus, the doped compounds can be converted into topological supercon-
ductor61,62 at sufficiently low temperature, which has immense impact on the fundamental physics
of non-Abelian particles and fault-tolerant quantum computations.63 We believe that our work may
provide an interesting platform and stimulate new experimental investigations of double-pervoskite
structures in many other new directions.
By proposing a generic tight-binding model for rock-salt lattice, we have shown a new notion
of topological phase transition from a trivial state in Figure 1(c) to the topological state in (f) of
3D materials with strong SOC and cubic symmetry. With the band touching and band inversion in
the band structure without SOC, it turns out that the SOC becomes more effective in generating a
large band gap of a TI. We further suggest possible realization of our model in well-known double
perovskites A2BiXO6 (A=Ca, Sr, Ba; X=I, Br) by doping V and VII elements into B and B
′
site,
with non-trivial band gap as large as 0.55eV. Further analysis on the surface states shows that
the surface Dirac cone is stable on surface terminated by A and oxygen atoms and robust against
surface reconstruction, providing stable TIs states for experimental realization. Our findings not
only enrich the physics of TIs realm but also open a new vista of searching for new TIs in new
dimensions. Our proposed materials hold great potential to realize a new paragon of 3D TIs for
practical applications.
Useful conversation with M. Kennett is acknowledged. Work at National Taiwan Normal Uni-
versity was supported by Taiwan Ministry of Science and Technology through Grant No. 103-
2112-M-003-012-MY3 and No. 103-2112-M-003-005. Work at University of California, Irvine
16
was supported by DOE-BES (Grants No. DE-FG02-05ER46237 for H.W. and No. SC0012670 for
S.P.). Computer simulations were partially supported by NERSC and National Center for High-
Performance Computing of Taiwan.
Supporting Information. Derivation of the band energy in Eq. ?? and surface band structure
considering the presence of dangling bond included.
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